The present study examined the consequences of eliminating horizontal cells from the outer retina during embryogenesis upon the organization and assembly of the outer plexiform layer (OPL). Retinal horizontal cells exhibit a migration defect in Lim1-conditional knock-out (Lim1-CKO) mice and become mispositioned in the inner retina before birth, redirecting their dendrites into the inner plexiform layer. The resultant (mature) OPL, developing in the absence of horizontal cells, shows a retraction of rod spherules into the outer nuclear layer and a sprouting of rod bipolar cell dendrites to reach ectopic ribbon-protein puncta. Cone pedicles and the dendrites of type 7 cone bipolar cells retain their characteristic stratification and colocalization within the collapsed OPL, although both are atrophic and the spatial distribution of the pedicles is disrupted. Developmental analysis of Lim1-CKO retina reveals that components of the rod and cone pathways initially co-assemble within their normal strata in the OPL, indicating that horizontal cells are not required for the correct targeting of photoreceptor terminals or bipolar cell dendrites. As the rod spherules begin to retract during the second postnatal week, rod bipolar cells initially show no signs of ectopic growth, sprouting only subsequently and continuing to do so well after the eighth postnatal week. These results demonstrate the critical yet distinctive roles for horizontal cells on the rod and cone pathways and highlight a unique and as-yet-unrecognized maintenance function of an inhibitory interneuron that is not required for the initial targeting and co-stratification of other components in the circuit.
Introduction
Nerve cells communicate by way of synaptic connections that are established during early development as presynaptic and postsynaptic partners identify one another during their periods of differentiation. The retina is a particularly attractive model for studying such developmental interactions because these synaptic connections are positioned in distinct locations within the retinal architecture in one of two different plexiform layers. Within the inner plexiform layer (IPL), different populations of bipolar, amacrine and ganglion cells are interconnected in discrete sublayers, and the specificity of these connections is thought to be mediated by the expression of spatially restricted guidance cue proteins (Matsuoka et al., 2011a (Matsuoka et al., , 2011b and unique celladhesion molecules on the different presynaptic and postsynaptic cell-types (Yamagata and Sanes, 2008, 2012; Fuerst et al., 2009; Huberman et al., 2010) . Within the outer plexiform layer (OPL), the rod photoreceptors innervate rod bipolar cells and the axon terminals of horizontal cells and the cone photoreceptors innervate several types of cone bipolar cells and the dendritic arbors of horizontal cells. Less is known about the factors that are responsible for connectivity between these cell types within the outer retina, although the horizontal cells have been shown recently to use guidance proteins, suggesting that similar mechanisms may regulate the development of both plexiform layers (Matsuoka et al., 2012) . Unlike the IPL, however, the contributors to the OPL exhibit a great degree of plasticity even later in life, after the mature patterns of stratification and connectivity are established (Fisher et al., 2005) .
The present study investigated the role of horizontal cells in the development and maintenance of the OPL using a genetic approach by eliminating these cells from the outer retina. Specifically, we used a conditional knock-out approach to delete the LIM homeobox protein 1 transcription factor (Lim1 hereafter) in the mouse retina. Expressed solely in horizontal cells, Lim1 is required for the proper migration of these inhibitory interneurons and removal of the gene causes them to become misplaced to the inner retina during the later stages of embryogenesis, before formation of the OPL (Poché et al., 2007) . Because these ectopically positioned horizontal cells fail to differentiate processes into the OPL, we assessed the developmental consequences of horizontal cell depletion from the OPL upon photoreceptor and bipolar cell differentiation. We demonstrate that horizontal cells are not required for the initial targeting and stratification of the remaining OPL components. Horizontal cells are critical, however, for the maintenance of normal photoreceptor-bipolar cell connectivity, although different aspects of each circuit are disrupted in their absence, with dendritic atrophy observed in the cone pathway versus spherule retraction and dendritic sprouting in the rod pathway.
Materials and Methods

Animals. Lim1
flox / flox mice, in which the endogenous Lim1 coding region is flanked by LoxP sites (Kwan and Behringer, 2002) , were crossed with Rx-Cre mice, in which the expression of cre recombinase is driven by regulatory elements of Rx (Swindell et al., 2006) to create retina-specific Lim1 conditional knock-out (CKO) mice. Some CKO mice were crossed with Gust-GFP mice, in which an 8.4 kb upstream segment of ␣-gustducin drives the expression of GFP (Huang et al., 2003) , to visualize type 7 cone bipolars and rod bipolar cells for DiI-labeling. Mice of either sex were used in this study and all animals were euthanized in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals and under local authorization from the Institutional Animal Care and Use Committee at the University of California, Santa Barbara.
Immunofluorescence and antibody characterization. Mice were deeply anesthetized with a lethal dose of Euthasol (120 mg/kg, i.p.; Virbac) and intracardially perfused for 15 min with 0.9% NaCl in water followed by 4% paraformaldehyde (PFA) dissolved in 0.1 M sodium phosphate, pH 7.2, at 20°C. Eyes were removed and immersion fixed in 4% PFA for an additional 15 min and then retinas were dissected out and prepared as whole mounts or embedded in 5% agarose for sectioning at 150 m on a Vibratome. Retinas were processed for immunofluorescence according to the following protocol: tissue was incubated in 5% normal donkey serum for 3 h, followed by a mixture of primary antibodies for 3 d, and then secondary antibodies overnight. All incubation solutions were diluted in 0.1 M sodium phosphate, pH 7.2, containing 1% Triton X-100 and 0.9% NaCl and, between each incubation step, tissue was rinsed in PBS three times for 10 min. All steps were performed at 4°C with gentle agitation. Table 1 lists all primary antibodies used in this study, along with the abbreviation, immunogen, type, supplier, and working dilution for each. We generated a rabbit polyclonal antibody against two peptides corresponding to mouse Reep6 protein (CSTSEPPAALELDPK and MDGLRQRFERFLEQKNC); this antibody recognized an ϳ20 kDa protein in HEK293T cells transfected with full-length Xpress-tagged Reep6 (Fig. 1a) . Given the rod photoreceptor-specific expression of Reep6 in the retina, antibody specificity was determined by probing retinal extracts from C57BL/6 and cone-only Nrl Ϫ / Ϫ mice (Mears et al., 2001; Fig. 1b) . Donkey antimouse and anti-rabbit IgGs conjugated to fluorescent Alexa Fluor dyes (A21202, A21203, A21206, and A21207, 1:200; Invitrogen) were used to detect the primary antibodies. The lectin peanut agglutinin (PNA) conjugated to the fluorescent dye Alexa Fluor 647 (L32460, 1:1000; Invitrogen) was used to label cone pedicle active sites and NeuroTrace 530/615 (N-21482, 1:250; Invitrogen), a fluorescent Nissl stain, was used to label the Figure 1 . Characterization of Reep6 antibody. HEK293T cells were transfected with pcDNA4c vector or pcDNA4c construct containing mouse Reep6 fused to an Xpress-tag. Protein expression was analyzed by immunoblotting (IB) using anti-Xpress or anti-Reep6 antiserum (a). Protein extracts from C57BL/6 and Nrl Ϫ / Ϫ mouse retinas were analyzed using Reep6 antibody (b).
nuclear layers of the retina. When used, these were added to the mixture of primary antibodies. All tissue was imaged on an Olympus Fluoview 1000 laser scanning confocal microscope using a 25ϫ water-immersion lens with a numerical aperture of 1.05 or a 40ϫ oil-immersion lens with a numerical aperture of 1.30 (Olympus). Negative control sections were routinely processed through the identical staining protocol except that the mixture of primary antibodies was replaced with 1% Triton X-100 in PBS. DiI labeling. Eyes from wild-type and CKO mice harboring the Gust-GFP transgene were removed from deeply anesthetized mice, the cornea and lens were dissected out, and eyecups were immersion-fixed in 4% PFA dissolved in 0.1 M sodium phosphate, pH 7.2, at 20°C for 30 min. Retinas were isolated as whole mounts or sectioned on a Vibratome and transferred to a fixed-stage fluorescent microscope with a 60ϫ water dipping lens (Nikon). A borosilicate glass micropipette with a tip diameter of ϳ0.5 m was backfilled with a solution of the lipophilic dye CM-DiI (V22888; Invitrogen) and fastened to a micromanipulator (Burleigh). Single GFP-positive axon terminals of either rod bipolar cells or type 7 cone bipolar cells were targeted for microinjection, as described previously (Keeley and Reese, 2010) . CM-DiI was expelled from the pipette tip using positive current until a bolus of dye was clearly visible at the depth of axon stratification. Retinas were subsequently labeled with PNA overnight at room temperature (1:250) and imaged using a Fluoview1000 confocal microscope, as above.
Image processing and analysis. All metrics were collected using the image processing software MetaMorph (version 7.5.6.0; Molecular Devices) from the original confocal image stacks. Images were prepared by creating maximum projection images using MetaMorph, which were subsequently pseudocolored and contrast enhanced using the "levels" tool in Photoshop CS3 (Adobe Systems).
Several measurements were taken for each DiI-labeled bipolar cell. Dendritic area was determined by creating a convex polygon around the entire dendritic arbor and somal area was determined by tracing the outline of the cell body at its widest extent. In addition, the number of terminal dendritic branches was quantified for each cell by following individual dendrites through the depth of the OPL using the individual Z-stack images, which were taken at 0.5 m steps. Examples of cone and rod bipolar cell quantification using these procedures have been described previously (Figs. 2, 7 , respectively, in Keeley and Reese, 2010) .
Cone pedicles were analyzed in whole-mount preparations stained for both cone arrestin and PNA. Three retinas from each genotype were used: two central and two peripheral fields were imaged for each control retina and four central and four peripheral fields were imaged for each CKO retina. Each field was 0.01 mm 2 in area. Pedicle area and active site area were obtained by forming a convex polygon around individual cone arrestin-positive pedicles and around all PNA puncta that fell within the pedicle boundary, respectively. For each field, the coefficient of variation (CoV) was determined for both pedicle area and active site area by dividing the SD by the mean. In addition, the centroid of each cone pedicle within a field was determined and the resulting X-Y coordinates were used to define the Voronoi domains associated with each pedicle using a customized spatial statistics program developed in MATLAB (MathWorks), as described previously (Keeley et al., 2012) .
To analyze the relationship between horizontal cells and rod bipolar dendritic sprout density, confocal Z-stacks were taken of whole-mount preparations stained for PKC and calbindin or NF150. The boundary between of the OPL and outer nuclear layer (ONL) was determined for each image stack by finding the plane in which either calbindin or NF150 staining was completely absent. To display the population of horizontal cells, maximum projection images were created of either the calbindin or the NF150 channel from the inner nuclear layer (INL) to the OPL/ONL boundary. To display the ectopic rod bipolar cell dendrites, maximum projection images were created of the PKC channel from the OPL/ONL boundary to ϳ40 m into the ONL.
Total cell type estimates in aged retinas were determined by calculating an average density across several sample sites and multiplying by retinal area. Average densities for rod bipolar cells and type 2 cone bipolar cells were calculated by counting the number of PKC-positive somata and Syt2-positive axons, respectively, in four central and four peripheral fields 0.1 mm 2 in area. Average densities for rods were determined by counting photoreceptor inner segments using a 60ϫ oil-immersion lens on a Microphot FXA fluorescence photomicroscope equipped for differential interference contrast (DIC) optics (Nikon) and then subtracting the number of PNA-positive cone outer segments labeled within the same field. Cone densities were determined by counting cone opsinpositive outer segments using a mixture of UV-and M-opsin antibodies. Then, 225 m 2 fields for rods and 10,000 m 2 fields for cones were chosen at 1 mm intervals across the entire retinal surface in a square grid, with a minimum of 13 fields sampled per retina. DIC images of photoreceptors were contrast-enhanced using the "unsharp mask" filter tool in Photoshop.
Electron microscopy. Mice at 2 months of age were deeply anesthetized with a lethal dose of Euthasol (120 mg/kg, i.p.; Virbac) and intracardially perfused for 15 min with ϳ2 ml of 0.9% NaCl in water, followed by a mixture of 2% paraformaldehyde:2% glutaraldehyde dissolved in 0.1 M sodium phosphate, pH 7.2, at 20°C. Eyes and surrounding extraocular tissues were dissected and immersed in the same fixative for a further 48 h. The protocol for preparing tissues for serial block-face scanning electron microscopy was modified from protocol version 7-01-2010 developed by Deerinck et al. (National Center for Microscopy and Imaging Research, University of California-San Diego). Before processing, eyes were rinsed on ice in 0.15 M cacodylate buffer containing 2 mM calcium chloride, and then secondarily fixed in 2.5% paraformaldehyde and 2.5% glutaraldehyde in 0.1 M sodium cacodylate buffer, pH 7.4 (EM Sciences) for 24 h. Eyes were washed 5 ϫ 3 min in 0.15 M cacodylate buffer containing 2 mM calcium. Eyes were then incubated in a freshly prepared solution containing 3% potassium ferrocyanide (Fisher Scientific) in 0.3 M cacodylate buffer, with 4 mM calcium chloride, combined with an equal volume of 4% aqueous osmium tetroxide (EM Sciences), and added immediately to the tissue for 1 h on ice. Eyes were washed in doubledistilled water (ddH 2 O), transferred to filtered 1% thiocarbohydrazide (EM Sciences) for 20 min at 20°C, washed again 5 ϫ 3 min in ddH 2 O, and then transferred to 2% osmium tetroxide for 30 min at room temperature. Eyes were washed in ddH2O and transferred to 1% uranyl acetate overnight at 4°C. The following day, eyes were washed in ddH2O and incubated in a lead aspartate solution (0.066 g of lead nitrate; EM Sciences), dissolved in 10 ml of 0.03 M aspartic acid solution, pH adjusted to 5.5 with 1 N KOH in a 60°C oven for 30 min. The tissue was rinsed 5 ϫ 3 min in H 2 O and then dehydrated through graded alcohols into propylene oxide. Eyes were allowed to infiltrate in a 1:1 mixture of propylene oxide and Embed 812 (EM Sciences) on a rotator for 24 h and then embedded in pure Embed812 and polymerized at 60°C for 48 h.
Blocks were trimmed and mounted on aluminum specimen pins (Gatan) using a conductive epoxy (ITW Chemtronics) that was polymerized at 90°C for 12 h. Specimens were transferred to the 3View ultramicrotome unit (Gatan) operating on a SIGMA field emission scanning electron microscope (Zeiss) and sections were cut from the block face at 50 nm, imaging every section at a resolution of 26 nm per pixel. 3D reconstructions were generated using IMOD software (Kremer et al.,1996) .
Statistics. All comparisons between Lim1-WT and Lim1-CKO conditions were tested for statistical significance ( p Ͻ 0.05, indicated by an asterisk in the figures) using Student's two-tailed t tests.
Results
The OPL of the Lim1-CKO retina is depleted of horizontal cell processes Compared with the cytoarchitecture of wild-type retinas, Lim1-CKO retinas displayed a marked reduction in the thickness of the OPL in maturity, at 2 months of age (Fig. 2a ,aЈ,e,eЈ, red arrows), as described previously (Poché et al., 2007) . Some regions of the Lim1-CKO retina lacked a cell-free plexiform layer altogether and the somata of the ONL were found to abut those residing in the INL (Fig. 2aЈ,eЈ) . Neurofilament-150 (NF150) labeling, which is normally present in horizontal cell axons (Fig. 2b) , was often absent in the OPL of the Lim1-CKO retinas (Fig. 2bЈ) , Figure 2 . Early removal of horizontal cells yields a collapsed OPL. The Lim1-CKO retina at 2 months of age lacks a cell-sparse OPL, as evidenced by staining for NeuroTrace (NT; a, aЈ). As expected from previous accounts, horizontal cells and their processes, labeled for either neurofilaments (NT150) or calbindin (Calb), are missing from the OPL (b, bЈ, c, cЈ). Whole-mounted retinas labeled for Calb at 5 months of age showed a substantial reduction in horizontal cell density across large regions of retina (d, dЈ). Thin sections at 2 months of age confirmed the lack of an OPL (e, eЈ). The boundary between the ONL and INL can be discriminated by the characteristic heterochromatin of the rod nuclei in the top half (eЈ). A single horizontal cell (yellow) is shown to the right side of the control INL (e), and numerous rod spherules (blue), identified by the presence of single large mitochondria and/or the presence of invaginating processes, are present across the OPL (e) whereas none are present within the Lim1-CKO retina (eЈ); cone pedicles (pink), however, are present in both. Scale bars: a-c, e, 10 m; d, 100 m. The horizontal red arrows indicate the position of the OPL in this and subsequent figures.
whereas characteristic expression of NF150 in the IPL was maintained. Immunolabeling for calbindin, a calcium-binding protein found in horizontal cell dendrites and somata ( Fig. 2c) , revealed a coincident reduction in the horizontal cell dendritic plexus in these same regions of the CKO retina (Fig. 2cЈ) . Overall, we achieved a greater depletion of the population of horizontal cells from the outer retina by using a more extensive creexpressing mouse, Rx-cre (Swindell et al., 2006) , relative to our previous studies using either Six3-cre or Chx10-cre (Poché et al., 2008) , of a magnitude approaching 65% in some regions (Fig.  2d,dЈ) . Nevertheless, even using Rx-cre, the depletion exhibited mosaicism across the retina due to incomplete recombination in the entire population of horizontal cells (Fig. 2dЈ) , as described previously (Poché et al., 2007) . Although the local early depletion of horizontal cells in those previous studies was shown to yield a compensatory increase in the dendritic field sizes of neighboring (Lim1-intact, normally positioned) horizontal cells (Poché et al., 2008) , the present results using Rx-cre, yielding larger regions devoid of horizontal cells and their processes, must indicate there is an upper limit upon dendritic growth even when horizontal cells are freed from such homotypic constraints.
The OPL shows a loss of presynaptic terminals and synaptic ribbons A clear reduction in the density of photoreceptor ribbons coincided with the collapse of the OPL, evidenced by immunolabeling for C-terminal calcium binding protein 2 (CtBP2; Fig. 3a,aЈ) . The majority of these missing ribbons were associated with the loss of spherules of the rod photoreceptors, as shown by the large decline of receptor accessory protein 6 (Reep6) labeling of the rod spherules (a rod-specific protein in the retina; H. Hao, S. Veleri, B. Sun, D. S. Kim, P.W.K., R. Sood, S. H. Manjunath, P. Liu, B.E.R., and A.S., manuscript in preparation; Fig. 3b,bЈ) , as well as by the conspicuous elimination of the population of structurally identified spherules in thin sections (Fig. 2e,eЈ, blue) . In contrast, cone terminals as labeled by mouse cone arrestin (mCAR) remained intact within the OPL (Fig. 3c,cЈ) and contained ribbons within them, as CtBP2 labeling was found juxtaposed with PNA labeling (Fig. 3f,fЈ) , the latter being a selective marker for the invaginating synaptic regions of the cone pedicles ("active sites" hereafter) within the OPL (Fig. 3g,gЈ; Blanks and Johnson, 1983; Haverkamp et al., 2001) . The loss of the rod spherules from the OPL, evidenced by either Reep6 labeling or by their ultrastructural identification (Figs. 3bЈ, 2eЈ ), was not a consequence of widespread loss of the rod photoreceptor population itself because the thickness of the ONL was comparable and the outer segment layer was not atrophic (Fig. 3b,bЈ) and the number of rod photoreceptors was not significantly reduced even as late as 7 months of age (see Fig. 9a,aЈ,b) . Indeed, the pattern of cytochrome oxidase staining within the ONL was not altered (Fig.  3j,jЈ) , suggesting an absence of cellular stress presaging cell death that has been observed in other models of retinal degeneration .
Rod photoreceptor terminals retract into the ONL
The ONL of the Lim1-CKO retina at 2 months of age frequently showed ectopic ribbon labeling overlying regions of retina displaying a collapsed OPL (Fig. 3aЈ , diagonal arrowheads). Such CtBP2 puncta were never detected in the ONL of control retinas (compare Fig. 3a) . The presence of these ectopically situated CtBP2 profiles, coupled with the absence of Reep6-positive spherules in the OPL, suggests that rod spherules have retracted into the ONL. Consistent with this interpretation, labeling for postsynaptic density-95 (PSD-95), a scaffolding protein normally present in both rod spherules and cone pedicles (Fig. 3d) , revealed a substantial depletion from the OPL (Fig. 3dЈ ). This reduction coincided with an increase in ectopic PSD-95 immunoreactivity in the ONL that was never seen in wild-type retinas (Fig. 3dЈ, arrowheads) . Ectopic PSD-95-positive profiles in the ONL of the Lim1-CKO retina were not associated with any PNA labeling, whereas those remaining in the OPL typically coincided with PNA (Fig.  3h,hЈ) , suggesting that all of the misplaced PSD-95-positive profiles in the ONL (Fig. 3dЈ) were associated with rod photoreceptors that had retracted their spherules. There was also an accumulation of PSD-95 labeling at the outer limiting membrane (Fig. 3dЈ) , suggesting substantial reorganization of the rod photoreceptors themselves. Consistent with this interpretation for a structural retraction of the rod spherule, 3D serial reconstructions confirmed that rod cells lacked any terminal extending beyond the soma itself (compare Fig. 3kЈ , blue profiles, Fig. 3k , normal rod spherule). Whereas spherules in control retinas showed normal presence of a single large mitochondrion, a ribbon, a pair of horizontal processes extending deeper into the invagination (yellow and cyan processes), and another pair of invaginating rod bipolar processes beneath them (Fig. 3k, green and pink processes) , the vitrealmost extension of four reconstructed rod photoreceptors was little more than the soma itself, with no obvious mitochondria, ribbons, or invaginations (Fig. 3kЈ, blue profiles) . Clearly, the loss of Reep6 labeling within the OPL of the Lim1-CKO retina (along with the reduction in CtBP2, PSD-95, and CO) accurately reflects the structural retraction of rod spherules.
Rod bipolar cell dendrites sprout into the ONL Coincident with this massive retraction of rod photoreceptor terminals by P60, the population of rod bipolar cells sprouted dendrites into the ONL, as evidenced by the presence of PKC-positive processes ascending beyond the level of the collapsed OPL (compare Fig. 3eЈ, diagonal arrows, Fig. 3e) . Indeed, the tips of many of these dendritic profiles were juxtaposed to ectopic CtBP2-positive profiles (Fig. 3i,iЈ) , although we could not identify these unambiguously in our ultrastructural analysis. In one instance, two processes arising from distinct rod bipolar dendrites were found to invaginate into a slight cytoplasmic extension of the soma, yet no well defined ribbon-like organelle could be observed presynaptic to these processes (Fig. 3lЈ) . To examine the morphology of the dendritic arbors of these sprouted rod bipolar cells in greater detail, single cells were labeled by the local application of DiI to their axonal terminals (Keeley and Reese, 2010) . As in control retinas, dendrites of single rod bipolar cells in the Lim1-CKO retina bypassed the PNA-positive pedicles (Fig. 4a,aЈ) . However, although those in control retinas gave rise to a spray of dendritic terminals confined to the OPL (Fig. 4f ) , the dendrites of single rod bipolar cells in Lim1-CKO retinas extended as thick stalks into the ONL, branching progressively at greater distances from the soma (Fig. 4fЈ) . The distribution of this sprouting was inversely related to the presence of normally positioned horizontal cells and their processes remaining in the Lim1-CKO at P60, which was readily seen in whole-mount preparations labeled for PKC and calbindin or NF150. The density of PKC-positive sprouts in the ONL (red) was increased in regions lacking calbindin or NF150 labeling in the INL and OPL (cyan) of the Lim1- , cЈ) ; however, PNA-labeled active sites at these pedicles appeared atrophic (f, fЈ). Pedicles still contain synaptic ribbons, shown by the juxtaposition of CtBP2-positive puncta with PNA-positive active sites at the cone pedicles (f, fЈ), the PNA still being exclusively associated with mCAR-positive pedicles (g, gЈ) . Rod spherules have retracted into the ONL, as evidenced by the presence of synaptic ribbon puncta in this layer (aЈ, diagonal arrowheads) and by the redistribution of PSD-95 (Figure legend continues.) CKO (Fig. 4gЈ,hЈ) ; as expected, no PKC-positive dendrites were observed in the ONL of the littermate control retinas (Fig. 4g,h ).
Sprouting is associated with a redistribution of dendrites from the OPL The PKC-positive rod bipolar cells in the Lim1-CKO retinas not only exhibited sprouting into the ONL, but also showed a loss of fine dendritic endings at the level of the ONL/INL border (Fig.  3eЈ) . The single-labeled rod bipolar cells showed this more clearly, lacking the fine spray of dendrites normally present at this level (Fig. 4fЈ) . Some of these rod bipolar cells had a morphology suggesting a transitional stage, exhibiting a few processes emerging nearer the soma and a coarser stalk ascending into the ONL, but lacking the more robust branching in the distal ONL (Fig. 4fЈ,  far left cell) . The somal and dendritic field areas of rod bipolar cells in the CKO were no different from those in wild-type retinas (Fig. 4c,d) , although a significant reduction in the total number of dendritic endings was detected in these remodeled cells (Fig.  4b,bЈ,e) . pedicles (h, hЈ) . Rod bipolar cells, labeled for PKC, sprout dendrites into the ONL (e, eЈ, diagonal arrows), their tips associating with ectopic CtBP2-labeled ribbons (i, iЈ, diagonal arrowheads). The distribution of mitochondria, labeled for cytochrome oxidase (CO) in the ONL, is unchanged (j, jЈ). (The Reep6 labeling has been omitted from the ONL in these images for clarity, but shows convincingly, in the OPL, that this region of retina contains a loss of rod spherules). Structural reorganization of rod photoreceptors was confirmed in 3D serial EM reconstructions, showing a complete retraction of the spherule to the soma itself (k, kЈ). A single spherule arising from a rod photoreceptor soma in the WT retina is shown (k), along with two horizontal cell axon terminals (cyan and yellow processes) and two rod bipolar dendritic terminals (green and pink) reconstructed from their invaginations into the spherule. Four rod photoreceptor somas in the CKO retina were also reconstructed, none of which extended a process vitreally (kЈ). In one instance, two rod bipolar processes invaginate into a slight basally directed extension of the soma, one of them from one of the two sprouted rod bipolar cells (green and pink), indicated by the arrowhead (kЈ). Six micrographs through the site of this invagination (arrowhead) are shown ( lЈ; pink process). Another process (yellow) presumably arises from a neighboring rod bipolar cell (not reconstructed). Scale bars: a-j, 10 m; k-l, 5 m. , bЈ,d ). Somal area is not altered (c), yet the number of dendritic tips is significantly reduced (e). Those dendritic endings, however, are no longer confined to the OPL, but rather have become redistributed to the ONL via long sprouted dendrites (f, fЈ). These sprouted dendrites are evident in whole-mount preparations stained for PKC, never observed in the ONL of control retinas (g, h), yet found in the Lim1-CKO retina (red) most frequently in regions depleted of horizontal cell somata (cyan; gЈ) or axons (cyan; hЈ). (Red and cyan channels shown in g, gЈ, h, and hЈ are imaged through the ONL versus OPL, respectively, in each field using the horizontal cell labeling to determine the OPL/ONL boundary.) n, Number of labeled cells analyzed. Scale bars, 10 m.
Cone pedicle morphology and spacing are disrupted in the Lim1-CKO retina While cone pedicles retained their normal stratification in the Lim1-CKO retina despite the loss of horizontal cell processes, their morphology and spacing were disturbed (Fig. 3cЈ) . This was more readily apparent in whole-mount preparations. There, the size of the cone pedicles (labeled with mCAR) in the Lim1-CKO was comparable on average to that seen in control retinas (Fig.  5a ,b,aЈ,bЈ, green; d), although significantly more variable within a field (Fig. 5e ). Even more conspicuous was the apparent disorder of their active sites, revealed by labeling for PNA (Fig. 5a,b ,aЈ,bЈ, blue). The area of each polygon enclosing these active sites was significantly smaller (Fig. 5f ) and was more variable (Fig. 5g) , despite the lack of a significant reduction in average pedicle size (Fig. 5d) . Ultrastructural observations were consistent with this apparent active site atrophy: fewer invaginating elements were detected in a reconstructed CKO pedicle and there was a reduction in the number of mitochondria present (Fig. 5j,jЈ) . Pedicle spacing was also significantly perturbed, as evidenced by the greater variability in the Voronoi domains associated with each pedicle (Fig. 5c,cЈ,h ). Greater spaces devoid of pedicles were observed within the pedicle matrix (Figs. 3cЈ, 5aЈ ), but this was not a consequence of cone loss because the average density of mCARpositive cone pedicles was not affected (Fig. 5i) .
Cone bipolar cell dendritic arbors are atrophic
Type 7 cone bipolar cells in the Lim1-CKO retina retained their characteristic stratification and association with the population Figure 5 . Cone pedicles are atrophic and disordered within the OPL. Cone pedicle density and average size are unchanged in the 2-month-old Lim1-CKO retina (green; a, aЈ,b, bЈ,d, i) , but the area of the PNA-positive active sites of the pedicles is reduced (blue; a, aЈ,b, bЈ,f), and both pedicle area and active site area show more variability in size (e, g). Spacing between the pedicles is also more variable, evidenced by the sizes of their Voronoi domains (c, cЈ, h). Pedicles (pink) in the Lim1-CKO retina contain fewer mitochondria (cyan) and invaginating processes (j, jЈ). n, Number of fields analyzed. Scale bars, 10 m.
of pedicles, but nevertheless appeared abnormal in features directly related to the altered pedicle spacing and active site atrophy. The dendritic arbors of single type 7 cone bipolar cells in control retinas localized nearly exclusively to the active sites of the cone pedicles, but in the Lim1-CKO retinas, they had significantly smaller dendritic fields (Fig. 6a,aЈ,b,bЈ,d ) and appeared to contact a smaller number of pedicles. Although this latter feature could not be quantified because the active site labeling between these clustered pedicles in the Lim1-CKO retinas could often not be discriminated (Fig. 6aЈ, blue pedicles) , unlike in the control retinas ( Fig. 6a ; see also Keeley and Reese, 2010; Lee et al., 2011) , a significant reduction in the total number of dendritic terminal endings per cone bipolar cell was detected (Fig. 6e) . Again, because pedicle density was unaltered (Fig. 5i) , this change in the total number of dendritic endings cannot be due to a loss of afferents; rather, it should be associated with the atrophy of the active sites at the pedicles themselves, but the causal relationship between them remains to be determined.
Assembly of the OPL does not require the horizontal cells
Horizontal cells require Lim1 to migrate to their correct position in the INL during embryonic development (Poché et al., 2007) ; in concordance, horizontal cell processes were absent from the OPL of the Lim1-CKO retina at early postnatal ages. By postnatal day 9 (P9), when OPL formation is normally well under way (Sherry et al., 2003) , the Lim1-CKO retina already showed a reduced thickness of the OPL (Fig. 7aЈ, red arrow) and a lack of calbindin (Fig.  7bЈ ) and NF150 immunoreactivity (data not shown) therein (compare Fig. 7a,b) . Despite the lack of horizontal processes, an apparently normal complement of evenly distributed, CtBP2-positive profiles was present across the thin OPL of the Lim1-CKO retina (Fig. 7c,cЈ) . Not all of these were associated with cone pedicles, which have already differentiated and stratified within the OPL (Fig. 7d,dЈ) , indicating that the remaining CtBP2-positive puncta in the nascent OPL should be the sites of developing rod spherules (Fig. 7f,fЈ) . Coincident with this stratum of CtBP2-positive profiles across the developing OPL, PKC-positive rod bipolar cell dendrites have initiated their dendritic stratification within the OPL, being comparable to that present in control retinas (Fig. 7e,eЈ,g,gЈ) .
Rod bipolar cell dendritic sprouting follows the retraction of rod spherules
After P9, control retinas showed a continuing expansion of the rod spherule-associated CtBP2-positive stratum within the OPL (Fig.  8a-c) . In parallel, the rod bipolar cells continued their dendritic growth to fill the OPL (Fig. 8d-f) . Lim1-CKO retinas, in contrast, showed a progressive loss of Reep6-positive spherules and their associated (CtBP2-positive) ribbons (Fig. 8aЈ-cЈ) . By P13, when ectopic CtBP2-positive puncta can be detected within the ONL, and the OPL is already showing a depletion of ribbons, the population of rod bipolar cells shows no signs of sprouting at this age (Fig. 8dЈ) . Only thereafter was the sprouting phenotype conspicuous in PKC-stained tissue (Fig. 3eЈ) , being first detected around P21 (Fig. 8eЈ, diagonal  arrows) ; these dendritic sprouts, however, did not terminate at CtBP2-positive puncta, suggesting that the two synaptic partners are initially decoupled, only to reconnect later in maturity. These sprouted rod bipolar dendrites could still be detected in the ONL at late as 7 months of age (the latest age examined), when their terminal branches continued to associate with ectopic CtBP2 puncta (Fig. 8fЈ , diagonal arrows; see also Fig. 3iЈ ).
Sprouting is not associated with neuronal loss in the Lim1-CKO retina
This rod pathway plasticity was not associated with cellular loss in the retina of these older Lim1-CKO mice. At 7 months of age, rods showed a slight, yet nonsignificant, decline in neuronal number in the CKO retinas (Fig. 9a,aЈ,b) . To investigate whether that nonsignificant decline might conceal a mosaicism in the loss of rod photoreceptors, the CoV associated with rod density measures taken across the multiple fields sampled in a 1 mm square grid across each retina (minimum of 13 fields per retina) was also calculated (Lim1-CKO ϭ 0.12 Ϯ 0.011, mean and SEM); however, these CoVs were not significantly different from those of control retinas (0.11 Ϯ 0.014). The population of PKC-positive rod bipolar cells itself did not exhibit any decline from values in control retinas (Fig. 9c,cЈ,d ). Because the cone pedicles were found to be atrophic at P60, we also estimated the total cone photoreceptor and type 2 cone bipolar cell populations in 7-month-old retinas by counting all cone opsin-positive outer segments (Fig. 9e,eЈ) and Syt2-positive axons (Fig. 9g,gЈ) , respectively, finding no significant difference in either population (Fig.  9f,h ). Notwithstanding the possibility that a very slow, if meager, loss of rod photoreceptors occurs in the Lim1-CKO retina (although immunostaining for activated caspase-3 failed to reveal a single positive cell in the ONL in either control or CKO retinas at 2 or 7 months of age; n ϭ 1 per condition, sampling the entire retina), these results suggest that the sprouting of rod bipolar cell dendrites, like the atrophy of cone bipolar cell dendrites, is not triggered by neuronal loss.
Sprouting of rod bipolar cells becomes progressively widespread in maturity
To examine the prevalence of rod bipolar sprouting as a function of age across the retina, Lim1-CKO retinal whole mounts at different ages up to 7 months of age were stained for PKC, sampled through the depth of the ONL only, and reconstructed as single high-resolution images of the entire retina. At P21, minimal sprouting in the ONL was detected (Fig. 10a,aЈ) , consistent with the analysis of sectioned material at this age (Fig. 8eЈ) . Thereafter, the extent of sprouting through the depth of the ONL increased, as shown in the sectioned Figure 8 . The rod pathway is transiently disconnected before the rod bipolar cells remodel their dendritic arbors. Following initial OPL formation, the population of rod spherules (green) and their associated synaptic ribbons (magenta) in the Lim1-CKO retina are progressively eliminated (aЈ-cЈ), whereas in control retinas, these both expand within a larger cell-sparse OPL (a-c).
Sprouting of rod bipolar cell dendrites is delayed relative to the elimination of spherules from the OPL in the Lim1-CKO retina (dЈ,eЈ, 4 green) as ectopic ribbons begin to materialize in the ONL (dЈ,eЈ, magenta, diagonal arrowheads). Rod bipolar cells ultimately produce large dendritic sprouts that reach deep into the ONL (fЈ, diagonal arrows), associating with CtBP2-positive ribbons (fЈ, diagonal arrowheads). Note as well the complete elimination of the spray of fine dendritic terminations normally present at the boundary between the ONL and INL. Scale bar, 10 m. material (Fig. 8fЈ) , but increasingly more of the areal extent of the retina contained this sprouting in the ONL ( Fig. 10b-d ; highermagnification images are shown in Fig.  10bЈ-dЈ) . Some regions still lacked any sprouting, presumably because fewer, if any, horizontal cells in these regions had undergone recombination and so remained present within the outer retina. That different quadrants of the retina might be expected occasionally to show such large differences in levels of sprouting (Fig. 10d) is suggested by the images in Figure 10e , showing crosssections from one Lim1-CKO retina (at P60) imaged at three eccentricities on each side of the optic nerve head, revealing an asymmetry in the depletion of the population of horizontal cell axons. Notice the loss of NF-150 labeling in the right three panels and the corresponding reduction in the thickness of the OPL, whereas the left three panels show the presence of limited NF-150 labeling within a cell-free OPL. Although some of the unaffected regions at 7 months of age (Fig. 10d ) must reflect such a lack of effective cre-mediated recombination (Fig.  10e) , there was still a slow, progressive prevalence of sprouting across other regions of retina, and this may simply indicate that sprouting proceeds at a rate that is proportional to the degree of horizontal cell depletion within a region. Our sectioned material in this study necessarily focused upon regions with a collapsed OPL to illustrate the characteristic changes therein, but many regions upon the retina may contain lessreduced densities of horizontal cell processes and these may be the regions that exhibit progressively slower sprouting.
Discussion
We have demonstrated conclusively that, despite their early production (Young, 1985) , migration (Huckfeldt et al., 2009 ), mosaic assembly (Raven et al., 2005 , and morphological differentiation (Reese et al., 2005) , horizontal cells do not play a critical role in directing the initial stratification of photoreceptor and bipolar processes within the OPL. Specifically, the Lim1-CKO mouse retina causes a mispositioning of embryonic horizontal cells to the inner retina (Poché et al., 2007) , thereby depleting the outer retina of this early neuronal constituent. Despite their absence, the terminals of the rod and cone photoreceptors assemble in their normal strata within the OPL, where they localize synaptic and other proteins characteristic of their mature organization. Their postsynaptic partners, the rod bipolar cells and cone bipolar cells, also direct their dendritic terminals to these respective strata and associate with their correct presynaptic partners by the beginning of the second postnatal week, when contacts between the two cell types are normally forming (Sherry et al., 2003; Morgan et al., 2006) . Thereafter, this early depletion of horizontal cells from the outer retina yields progressively severe consequences for the morphology of the photoreceptor and bipolar cell populations, but are quite distinctive for the rod versus cone pathways. Changes in the cone pathway were characterized by an atrophy of both the cone pedicles and the cone bipolar dendrites, but these cells retained their association with one another. The changes in the rod pathway, in contrast, were more dynamic and included the progressive retraction of the rod spherules from the OPL and the subsequent remodeling of the rod bipolar cell dendrites. The latter were first Figure 9 . Changes in the rod and cone pathways are not a consequence of cell death. Massive sprouting by rod bipolar cell dendrites at 7 months of age is not associated with cell loss within the population of rod photoreceptors (a, aЈ,b), nor with any significant elimination of rod bipolar cells themselves (c, cЈ,d ). In addition, there is no loss of cone photoreceptors (e, eЈ,f), nor of one type of cone bipolar cell (the type 2 cell; g, gЈ,h) despite the atrophy of their afferents. n, Number of retinas analyzed. Scale bars, 10 m.
observed to decouple from the spherules and then sprout large dendritic stalks that ascended into the ONL. These in turn branched distally, associating with ectopic CtBP2-puncta localized within the ONL itself. These results make clear that, although horizontal cells may not be necessary for the initial organization of the OPL, they are critical for maintaining its integrity.
Remodeling of the rod pathway
The rod pathway has been shown to be highly plastic in several other outer retinal perturbations, including impairments of synaptic transmission (Dick et al., 2003; Haeseleer et al., 2004; Mansergh et al., 2005; Chang et al., 2006; Bayley and Morgans, 2007; Specht et al., 2007 ), retinal detachment (Lewis et al., 1998 Fisher and Lewis, 2003; Fisher et al., 2005) , senescence (Liets et al., 2006) , and, most recently, loss of horizontal cells from the mature (Sonntag et al., 2012) or developing (Wu et al., 2013) retina. These studies share some of the features reported here, including the redistribution of synaptic proteins and the remodeling of rod bipolar cells, although none reports the temporal sequence of events observed herein regarding the sequential remodeling of the rod bipolar cell dendrites nor the structural evidence of retracted spherules. The present study shows an initial disconnection between the rods and the rod bipolar cells, when the latter undergo a dendritic remodeling after the spherules disassemble from the OPL, eventually yielding a robust sprouting deep into the ONL, branching to terminate at the sites of ectopic CtBP2 puncta. The role of the horizontal cell axonal arbor in stabilizing this association, however, remains obscure.
We suspect that there are two possible mechanisms underlying this maintenance by horizontal cells: the horizontal cell may act either through the expression of specific cell adhesion molecules or it may prevent destabilization by regulating synaptic activity, both established mechanisms of synaptic plasticity (Wong and Ghosh, 2002; Dalva et al., 2007) . For example, netrin-G ligand 2 (NGL-2) has recently been shown to localize to the tips of the horizontal cell axonal arbor, being a potential molecular candidate, but NGL-2 mutants do not show sprouting of rod bipolar cell dendrites (Soto et al., 2013) . Neural transmission has been shown to play a critical role in maintaining this synapse, because silencing the rod photoreceptor by removing specific ion channels or ribbon proteins causes rod spherule retraction and rod bipolar sprouting (Dick et al., 2003; Haeseleer et al., 2004; Mansergh et al., 2005; Chang et al., 2006; Bayley and Morgans, 2007; Specht et al., 2007) . Halting GABA transmission in horizontal cells, in contrast, does not appear to have any consequence on the assembly and maintenance of the OPL (Schubert et al., 2010), Figure 10 . Dendritic sprouting becomes increasingly pervasive across the retina at later stages. Almost no PKC-positive sprouts reach into the ONL by P21 (a, aЈ), but thereafter become increasingly widespread (b, bЈ,c, cЈ). Nearly a quadrant of retina lacks sprouting into the ONL in this 7-month-old retina (d, dЈ), suggesting a lack of much cre-mediated recombination in the population of horizontal cells in this region during early development. Indeed, sections from a 2-month-old retina showed marked differences in the degree of elimination of horizontal cell processes from the OPL on opposite sides of the optic nerve head (e), consistent with this interpretation. Scale bars: a-d, 500 m; aЈ-dЈ, 50 m; and e, 10 m.
suggesting an activity-independent mechanism of stabilization by horizontal cells. Interestingly, this plasticity in the rod pathway is replicated in aged wild-type retinas (Liets et al., 2006) , raising the possibility that the maintenance function of the horizontal cell may naturally degrade with senescence, perhaps by downregulating cell adhesion molecules that maintain the synapse.
It is curious that such comparable outcomes are derived when horizontal cells are eliminated before the formation of the OPL as well as after a fully mature OPL has assembled (Sonntag et al., 2012) , because the axon terminal system of the horizontal cells is believed to invaginate the spherules before the rod bipolar cells (Sherry et al., 2003) and might have been expected to yield a more destabilizing effect consequent to their early removal. Although genetic elimination of the homeodomain transcription factor Onecut1 (Oc1) has also been shown recently to reduce the horizontal cell population and to produce sprouting of rod bipolar cells in the mature retina, Oc1 is not expressed exclusively by horizontal cells and the mutant retina displays conspicuous cell loss within the ONL, rendering unclear the causal relationships to the rod bipolar cell remodeling therein (Wu et al., 2013) . The elimination of mature horizontal cells that yields sprouting of rod bipolar cells also produced a significant loss of photoreceptors (Sonntag et al., 2012) . Nevertheless, the present study, examined at a comparable time point to these studies, failed to show evidence of photoreceptor loss, leading to the conclusion that the effect upon rod bipolar cell sprouting is not mediated by photoreceptor degeneration. Indeed, it is somewhat remarkable that these rod photoreceptors, relieved of their presynaptic endings, continue to survive, although we cannot rule out the possibility of a trophic effect mediated by the sprouted rod bipolar cell dendrites. Whatever the feature associated with horizontal cells critical for maintaining the normal relationship between rod spherules and rod bipolar cell dendrites, it clearly is not required for the initial assembly and stratification of the OPL.
Atrophy of the cone pathway
As with the rod pathway, the components of the cone pathway differentiate normally during early postnatal development in the Lim1-CKO retina. By the close of the second postnatal week, however, the disrupted cone pedicle patterning, which is so clear in maturity, has begun to materialize and the PNApositive active sites are compromised relative to control retinas (data not shown). The dendrites of the horizontal cells normally form periodic clusters of terminal endings associated with the pedicle mosaic only after P10 (Reese et al., 2005) , suggesting that those clustered dendritic endings might help to stabilize the positioning of the pedicles around this time. The pedicles may also aggregate in the absence of the horizontal cells as a passive consequence of the collapse of the OPL in the Lim1-CKO retina, and the fact that this clustering occurs even after horizontal cell ablation in the mature retina (Sonntag et al., 2012 ) is consistent with this interpretation. The changes in the pedicle mosaic are not simply a consequence of the loss of a postsynaptic target, because a substantial early depletion of the bipolar cell population (as observed in the Isl1-CKO mouse) does not degrade the pedicle mosaic, even though those pedicles show an atrophy of their active sites (Lee et al., 2011), as in the Lim1-CKO mouse (Fig. 5) . Those same Isl1-CKO retinas do not show a collapse of the OPL nor a loss of synaptic ribbons (Lee et al., 2011), indicating that the change in the spatial relationship between the pedicles described herein is uniquely dependent upon the horizontal cells and should be unrelated to the atrophy associated with the pedicles themselves. That atrophy, specifically the reduction in the size of the active site area despite no loss in the size of the pedicles themselves (Fig. 5d,f ) , may be a simple consequence of the loss of postsynaptic elements invaginating into the pedicle itself.
Unlike the rod bipolar cells, cone bipolar cells, at least the type 7 ON-cone bipolar cells, do not show evidence of substantial remodeling, retaining much of their characteristic dendritic organization and connectivity with cone pedicles. Their dendritic endings continued to terminate at PNA-positive active sites on the cone pedicle, as seen in wild-type retinas, indicating that the demarcation of this territory across the pedicle does not require horizontal cell input. The type 7 cone bipolar cells did show signs of atrophy, however, in the form of smaller dendritic fields and fewer dendritic terminal endings. These too may be independent of one another: the smaller dendritic fields may simply be a consequence of the clustering of pedicles across a smaller territory, while the decline in dendritic terminal endings may correlate with the decline in active site area upon the pedicle (each showing reductions of 28% and 26%, respectively; compare Fig. 6e, Fig.  5f ), both potentially indicative of the presence of fewer synaptic ribbons at the pedicle.
As atrophic as this cone pathway appears, it is important to stress that cones are not lost in the Lim1-CKO retina, evidenced either at 2 months of age by comparing pedicle densities when these atrophic features are already present (Fig. 5i) or at 7 months of age as evidenced by estimating the total population of cone outer segments within the retina (Fig. 9f ) . To look for other signs of atrophy that might affect the OPL, we also counted a type of OFF-cone bipolar cell, the type 2 cell, but found no difference between control and Lim1-CKO retinas and verified that the remodeling of rod bipolar cells was not associated with any cellular loss within this population as well. We also estimated the size of the rod photoreceptor population and, although we observed a slight trend in the direction consistent with rod loss, it did not reach statistical significance (Fig. 9b) . Together, our studies suggest that the atrophic and remodeling changes in the cone and rod pathways are not a secondary manifestation of retinal degeneration, but rather reflect the maintenance actions of horizontal cells upon the connectivity within the OPL itself.
Conclusions
Numerous studies, both within the visual system and elsewhere in the CNS, have revealed the necessity of molecular and/or neural components for directed targeting and association between different components of a developing circuit (Fox and Wong, 2005; Frotscher et al., 2007; Betley et al., 2009; Sanes and Yamagata, 2009; Sotelo and Dusart, 2009; Huberman et al., 2010) . Others have shown a requirement of various components for the preservation of connectivity in mature retina (Raisman, 1994; Marc et al., 2003; Wieloch and Nikolich, 2006) . The present study clearly demonstrates that removal of a single component (in this case, the horizontal cell) neither prevents the assembly of the stratifying architecture of the OPL nor the association between other presynaptic and postsynaptic components therein, but it is essential for maintaining the stratification and colocalization after synaptic assembly.
